JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. An experimental approach was used to examine the effects of spatial nutrient heterogeneity and planting density on the sizes of plants within populations of Abutilon theophrasti. Planting locations were generated using random numbers and replicated among populations growing on two different scales of heterogeneity and homogeneous soils. The same quantity of nutrients (dehydrated cow manure) was added to each population, regardless of the spatial nutrient distribution. The higher density was achieved by adding additional planting locations to those present at the lower density. Plant biomass was compared among ten planting locations present in all populations. Plants in seven locations were smaller at the higher density, but the spatial distribution of nutrients affected plant size in only two locations. At the population level, the higher density reduced mean plant biomass and increased both total biomass and the coefficient of variation in biomass, a measure of size inequality. Only when populations on both scales of heterogeneity were together compared with those on homogeneous soils were population-level measurements found to be significantly affected by soil treatment; heterogeneity resulted in decreased total biomass and an increase in the coefficient of variation, apparently due to an increase in the number of small plants in the population. These results, together with the finding that fine root biomass increased in nutrient-enriched patches, suggest that on heterogeneous soils most plants were able to access nutrient patches.
erogeneity assumed (Pacala, 1987; Biondini and Grygiel, 1994; Yastrebov, 1996) .
Most empirical information about plant response to spatial nutrient heterogeneity comes from studies of isolated individuals, not of populations. Root systems often respond to nutrient-enriched patches with greater proliferation of fine roots or increased nutrient uptake kinetics (Eissenstat and Caldwell, 1988; Jackson and Caldwell, 1989; Jackson, Manwaring, and Caldwell, 1990 ; Campbell et al., 1991; Gross, Peters, and Pregitzer, 1993). Consequently, a heterogeneous distribution of nutrients may result in overall greater nutrient uptake (Jackson and Caldwell, 1996) . Growth responses of potted agricultural species also suggest that a small-scale, patchy distribution of nutrients may be beneficial (Anghinoni and Barber, 1980; Borkert and Barber, 1985) . It is not clear, however, that results with single plants are generalizable to situations where plants grow with neighbors . There is little direct evidence for how heterogeneity affects competitive relationships at either the intraspecific or interspecific level.
The purpose of this study was to examine experimentally the effects of nutrient heterogeneity, introduced at two spatial scales, on the productivity and population size structure of the annual Abutilon theophrasti Medic. It follows a previous study with the same species (Casper and Cahill, 1996 ) that examined similar population-level parameters when spatial heterogeneity was presented in a checkerboard pattern and populations were compared with those on spatially homogeneous soils. The current study differs from the previous one in several ways: (1) it introduces two spatial scales of nutrient heterogeneity that differ from the one used in the previous experiment, (2) it takes a neighborhood approach in examining responses of individuals within populations, and (3) by examining root distributions in relation to nutrient patches, it measures belowground, as well as aboveground, responses to the heterogeneity.
The experimental neighborhood approach employed here involved replicating a single pattern of randomly generated planting locations among the two hetergeneous soil nutrient treatments and one homogeneous treatment. By maintaining the same spatial arrangement of plants among soil treatments, we could examine whether the spatial distribution of nutrients affected the relative sizes of individuals within a plant neighborhood. Because the experiment was repeated at two population densities and the planting locations present in low-density populations were also present at the higher density, it was also possible to consider simultaneously how the distribution of nutrients and the presence of additional plants (higher density) affect the size of a plant in a particular planting location.
MATERIALS AND METHODS
Description of species-Commonly called velvet-leaf, Abutilon theophrasti is a widespread agricultural weed throughout much of the Northem hemisphere (Spencer, 1984) . Its sturdy vertical stems support softly pubescent, heart-shaped leaves. Under favorable growing conditions plants may reach over 1 m in height and produce leaves that are more than 20 cm wide. Plants produce branches, which arise from leaf axils, only at low population densities. Yellow flowers (1.5-2.5 cm in diameter), which are normally autogamous but capable of outcrossing (Garbutt and Bazzaz, 1987), are also borne in leaf axils. A taproot develops, and in most individuals, lateral roots originate in four vertical columns within 10 cm from the top of the taproot (Casper and Cahill, personal observations). The species tolerates a wide range of nutrient and light conditions (Parrish and Bazzaz, 1982; Garbutt and Bazzaz, 1987) and has been used in many studies investigating how population size hierarchies are formed (Hartgerink and Bazzaz, 1984; Pacala and Silander, 1990; Shumway and Koide, 1995; Casper and Cahill, 1996) . Experimental design-The experiment was laid out in a randomized block design in an outdoor garden on the University of Pennsylvania campus. Each 48 X 48 cm plot (population) contained one of three soil treatments-a smaller or a larger scale of heterogeneity or a homogeneous treatment-and planted with either 28 (122 individuals/M2) or 56 (243 individuals/M2) individuals per plot. The size of nutrient-enriched patches and the nutrient concentration within patches differed between the two scales of heterogeneity, but the same quantity of supplemental nutrients (1024 cm3 of commercial dehyrated cow manure) was added to each population in all three soil treatments. The terms "larger scale" and "smaller scale" are used to distinguish the two patterns of heterogeneity in this experiment and are not intended to imply absolute measures of spatial variance. Plots were organized in six blocks, with three rows of four plots per block. Each soil treatment x density combination was replicated twice per block, resulting in 12 replicates total.
In constructing soil treatments, the garden soil was removed to a depth of 10 cm, and wooden boards were inserted into the clay subsoil to form frames around each row of plots. Within rows, plots were separated by a piece of plastic garden edging. Soil treatments were created in each plot using as a template a three-dimensional metal grid that divided the space into six rows of six 8 X 8 X 10 cm cells. In heterogeneous soil treatment plots, some cells were filled with a background soil relatively low in nutrients, while others were filled with same soil supplemented with the dehydrated cow manure (2-1-1, NPK). In homogeneous plots, all cells were filled with the same soil type, which In the smaller scale heterogeneity treatment, 32 of the 36 cells were filled with the background soil, which consisted of four parts sand, three parts topsoil that had been enriched with organic fertilizers in previous years, one part "Mr. Garden" potting soil, and one part Profile, a commercial clay (Applied Industrial Materials, Deerfield, Illinois). Mr. Garden (Lost Corner Nursery, Inc., Rockville, Maryland) consists of ground peat moss, perlite, and a small quantity of topsoil charged with micronutrients. The four remaining cells, always located in the same positions within each plot (see Fig. 1 ), were filled with nutrient-enriched soil made up of the low-nutrient background soil supplemented with 40% per volume manure. Hereafter, we will refer to the nutrient-enriched patches of the smaller scale heterogeneity treatment as the more concentrated soil type.
In the larger scale heterogeneity treatment, nutrient-enriched patches were both larger and less concentrated. The four patches each consisted [Vol. 85 of four contiguous cells (see Fig. 1 for locations) in which the low nutrient background soil had been supplemented with 10% per volume manure. The remaining cells contained the same low-nutrient background soil used in the smaller scale heterogeneity treatment. We refer to the nutrient-enriched patches in the larger scale heterogeneity treatment as the less concentrated soil type.
The homogeneous soil treatment was achieved by mixing an identical quantity of manure uniformly into the background soil. Soils in homogeneous plots were still constructed using the metal grid, even though all cells contained the same soil type, to maintain the same soil compaction. The soil type used in the homogeneous soil treatment is also referred to as homogeneous.
Plantings-Seedlings
were started in the greenhouse in commercial vermiculite without added nutrients and bare-root transplanted into the plots 7-9 d after seedling emergence. Care was taken to select seedlings of uniform size. The planting locations were determined using a template constructed from randomly generated coordinates. The same planting template was used for all plots of the same density, so neighborhood structure (the spatial arrangement of plants) remained constant among soil treatments. The planting template for the high-density plots was constructed by adding additional planting locations to the low-density template so that all planting locations used in the low-density plots were also present in the high-density plots. The few plants (<0.5%) that did not survive transplanting were replaced within the 1st wk. After planting, the plots were watered daily and weeded when necessary.
Effects on populations-Populations
were harvested after 6 wk, immediately following a heavy rainstorm that caused extensive lodging of plants in some populations. Many individuals had begun to flower, but no fruits had ripened. Plants were cut at ground level, marked by planting location, air dried in the greenhouse, and then dried to constant biomass in a 70?C oven and weighed. Vegetative and reproductive biomasses were not separated because previous work with this species showed vegetative and reproductive biomasses to be highly correlated (Casper and Cahill, 1996) . Aboveground biomass measurements of individual plants were used to find the following population-level measures: mean plant biomass, total biomass (productivity), and the coefficient of variation (cv) in plant biomass. Both mean biomass and total biomass were calculated because mortality, although very low, was uneven among plots. The cv is used as a measure of inequality in plant sizes (Weiner and Thomas, 1986) . The nature of differences in plant size variation was further examined by calculating the combined biomass of the four largest plants and the combined biomass of the four smallest plants in each population. To reduce edge effects, plants in perimeter cells were not included in the calculation of population-level variables, which were thus based on a maximum of 14 individuals in low-density and 28 individuals in high-density populations.
Population-level measures were compared using ANOVA, which included soil treatment (fixed), density (fixed), and block (random) as independent variables. Planned comparisons were used to compare the two heterogeneous soil treatments with the homogeneous treatment for differences in the population-level variables. Data were ln transformed when necessary to satisfy assumptions of ANOVA.
Neighborhood analyses-Plants in ten planting locations present in both densities were specifically examined for their growth response to soil heterogeneity and density. This was possible because all of the planting locations used in the low-density plots were also present in high-density plots. The ten planting locations were selected from among those farther than 10 cm from the perimeter of the plot with the criterion that some of them fall on nutrient-enriched patches in the two heterogeneous soil treatments (Fig. 1) . We wanted to determine whether the sizes of these plants were affected by either the spatial distribution of nutrients and/or local neighborhood structure (density). We expected plants growing on nutrient-enriched patches in hetergeneous soils to be larger than plants in the same planting locations on homogeneous soil types. A separate ANOVA was conducted for each of the ten planting locations to examine the effect of soil treatment and density on aboveground biomass. The ANOVA model was identical to that used for the population-level variables described above.
Root biomass distribution-In order to determine whether the spatial distribution of roots differed among soil treatments, dry root biomass was measured from soil cores (1.5 cm in diameter and 10 cm deep) removed from the same four locations in every population. These locations were chosen because in both heterogeneous treatments, two (cores A and B) fell on nutrient-enriched patches while two (cores C and D) fell on the background soil (Fig. 1) . No seedlings had been planted in the four cells from which soil cores were removed, and the closest plant stem was at least 3.5 cm away. Therefore, the cores contained lateral (fine) roots but no taproots. Roots were removed from the cores by washing over a 2.0-mm mesh sieve and then dried to constant biomass and weighed. Root biomasses in each of the four cores served as dependent variables in a MANOVA in which the independent variables were population, block, soil treatment, and density. Population was nested in the interaction of block X soil treatment X density. Because soil treatment proved significant in the overall MANOVA model, univariate tests were conducted to compare root biomass among soil treatments for each of the four soil core locations.
Nutrient levels-At the time of harvest, soil samples were taken from the four soil types within the experimental populations for nutrient and pH analyses to determine differences in nutrient concentration and the extent that soil heterogeneity persisted until the end of the experiment. Four 1.5-cm diameter, 10-cm deep soil cores were removed from each plot (Fig. 1) . In heterogeneous soil treatments, two cores were sampled from nutrient-enriched patches and two from the background soil. Cores were pooled by soil type (regardless of planting density) in each block, mixed thoroughly, and passed through a 2.0-mm mesh sieve to remove roots. One subsample was taken from each pooled soil sample for nutrient analyses. Mineralizable nitrogen was measured in our laboratory using the methods of Waring and Bremner (1964) . This involves incubating samples under anaerobic conditions, allowing bacterial activity to convert available nitrogen to ammonium, which is then extracted with KCI. All other analyses were conducted by the Pennsylvania State University Agricultural Services Laboratory. The background soils from the larger and smaller scale heterogeneity treatments within a block were pooled separately, but only one background soil sample was analyzed per block. For three blocks, these samples were taken from the pooled background soil from smaller scale heterogeneous plots, and for the other three blocks, the samples were taken from the pooled background soil from larger scale heterogeneous plots. The values for background soil reported in Table 1 are the means for these six samples.
Bioassay in pots-A separate bioassay experiment was conducted to determine whether plant growth differed among the soil types used in the different soil treatments. We expected plant size to increase with increasing nutrient concentration, and we especially wanted to verify that plant growth differed between the nutrient-enriched soils and the background soil of the heterogeneous plots. Individual seedlings were planted singly in 4100-cm3 pots filled with one of the four soil types: the background soil used in both heterogeneous soil treatments, the more concentrated soil type from the smaller scale heterogeneous soil treatment, the less concentrated soil type from the larger scale heterogeneous soil treatment, and the homogeneous soil. The ten replicate pots of each soil type were randomly interspersed, placed near the experimental plots, and watered daily. The plants were measured after 13 and 34 d for several morphological indicators of plant size: plant height, width of the largest leaf, width of the canopy at its widest point, and leaf number. Repeated-measures ANOVA was used to examine the effect of soil type on these morphological parameters. The plants were harvested after 6 wk. Aboveground parts were clipped at the soil surface, dried to constant biomass, and weighed to the nearest 0.01 g.
RESULTS
Nutrient levels-At the time the experiment was harvested, the background soil used in the heterogeneous soil treatments had lower levels of N, P, and K than did the other soil types (Table 1) . P differed among all four soil types, while K was statistically indistinguishable among the homogeneous, less concentrated, and more concentrated soils. N was highest in the more concentrated soil but did not differ between the homogeneous and less concentrated soil types. Soil pH did not differ among soil types.
Bioassay in pots-Morphological measurements made 13 d after the beginning of the bioassay experiment indicated that plants in the more concentrated soil were smaller than those in any of the other soil types (Fig. 2) . However, by the time measurements were repeated at 34 d, plants in the more concentrated soil had grown larger than any of the others. These changes in plant size rankings among soil types occur for canopy width presented in Fig. 2, and similar patterns. The change in relative plant performance among soil types is reflected in a highly significant measurement date X soil type interaction in the repeatedmeasures ANOVA (for canopy width: F = 41.21; df = 3, 33; P < 0.001). Soil type and measurement date were also highly significant (P < 0.001).
Analysis of mean aboveground biomass of harvested plants verified that individuals in the more concentrated soil eventually grew larger than those in any other soil type (Table 1) ; plants grown in the background soil were significantly smaller. Mean plant biomass was statistically indistinguishable for plants in the homogeneous and less concentrated soil types. Three individuals growing in more concentrated soil died early in the experiment and were replaced. Only one of the replacement transplants survived, leaving a sample size of eight (instead of ten) in the more concentrated soil type.
Response of populations-ANOVA revealed a strong effect of density and block on three population-level variables: mean plant size, total plant biomass, and the coefficient of variation in biomass (Table 2) . Soil treatment was not significant in any of these analyses, but associ- Neighborhood analyses-Among the plants in the ten locations examined for biomass response to planting density and soil treatments, seven were smaller at the higher planting density (P ? 0.05), but only two (locations 8 and 9) showed a significant response to soil treatment (Table 4) soil treatment X density interaction was also significant for location 9; plants on the concentrated patches were smaller than those on homogeneous soils only at the lower density (Student-Newman-Keuls test, P < 0.05). For location 8, plants in the larger scale heterogeneity treatment were significantly smaller than plants in the homogeneous soil treatment (Student-Newman-Keuls test, P < 0.05). Although two other planting locations, 2 and 7, fell on the less concentrated soil in the larger scale heterogeneity treatment, soil treatment did not affect plant size in these locations.
Root biomass distributions-In the MANOVA using root biomass in each of the four soil core locations as dependent variables, soil treatment had a significant effect (Wilk's lambda = 0.044; df = 6, 8; P = 0.02). No other main effect or interaction was significant. Univariate tests were used to examine each of the core locations separately (cores A-D) for differences in root biomass among soil treatments. Root biomass differed significantly among soil treatments for cores A and B; these two cores were both located on nutrient-enriched patches in each of the two heterogeneity treatments (Table 5, Fig.  5 ). In both core locations, root biomass was highest when the core fell on the more concentrated soil type of the smaller scale heterogeneity treatment. Root biomass in core C, located on the low-nutrient background soil in both heterogeneity treatments, also differed among soil treatments but less strongly (P = 0.05). For core C, root biomass was highest in the larger scale heterogeneity treatment, where the location fell within 4 cm of two nutrient-enriched patches. 
DISCUSSION
This study revealed subtle effects of spatial nutrient heterogeneity on the aboveground size structure and productivity of plant populations. Only when the two heterogeneity treatments were together compared with the homogeneous soil treatment were differences detected in total biomass and the coefficient of variation in biomass, a measure of size inequality among plants within a population. We expected that population size structure would change with a patchy distribution of nutrients through increased maximum plant size, because plants located on or near nutrient patches would have access to more nutrients than any individuals in the homogeneous soil treatments. Likewise, minimum plant size might decrease because individuals on the low nutrient background soil would experience lower nutrients. Differential plant performance among soil types in the bioassay experiment supports these expectations. Results point to heterogeneity affecting the smallest plants within populations but not for the reasons just explained.
The combined biomass of the four. smallest plants was lower for populations on heterogeneous soil treatments, apparently because soil used in nutrient patches proved detrimental, at least initially. This conclusion is based on two pieces of evidence. First, some individuals located on nutrient patches were smaller than individuals in the same planting locations on homogeneous soils. Second, the bioassay experiment indicated detrimental effects of the more concentrated soil type for a short period after seedlings were transplanted. Within the bioassay, plants in the more concentrated soil eventually outgrew those in other soils, but within populations some plants on nutrient patches remained small until harvest, probably due to aboveground competition from neighboring plants. Asymmetric competition for light causes even small differences in initial plant sizes to become exaggerated as plants grow (Wilson, 1988) .
The nearly inconsequential effects of spatial nutrient heterogeneity on the productivity of populations found in this experiment and a previous one (Casper and Cahill, 1996) (1996) modeled uptake of nitrate and phosphorus from patches by the tussock grass Agropyron desertorum and showed that plants may obtain more nutrients from spatially heterogeneous soils than from a uniform distribution of nutrients. Their model is based on heterogeneity measured in the field and known plastic responses of this species in both fine root growth and increased nutrient uptake kinetics. While both sorts of studies demonstrate that a patchy distribution of nutrients can be advantageous for plant growth, the effect of neighbors on any such advantage has not been directly explored. Our studies suggest that the presence or absence of competing individuals may be an important variable.
Differences among species in response to heterogeneity are also expected (Gross, Peters, and Pregitzer, 1993). Earlier work by Campbell et al. (1991) suggests a tradeoff in the ability of a species to forage over a broad spatial area, apparently characteristic of community dominants, and the ability to forage precisely in nutrient patches, more typical of subordinate species. The root response of A. theophrasti to nutrient patches and its annual growth habitat are consistent with this classification scheme.
Populations of A. theophrasti clearly do respond belowground to nutrient heterogeneity. Fine roots were aggregated in nutrient-enriched patches in both scales of heterogeneity. The increase in root biomass observed in one core (core C) located on low-nutrient background soil in the larger scale heterogeneous soil treatment, compared to the same location on homogeneous soil, probably occurred because the core location fell very near two high-nutrient patches. Root growth may have increased in that core location as a response to mobile nutrients from neighboring patches or because roots traversed the space in accessing patches. Resource mobility is another potentially important factor affecting competitive outcomes in plant communities (Huston and DeAngelis, 1994) .
The spatial aggregation of roots in nutrient-enriched patches coupled with the small effect of heterogeneity on productivity suggests that most plants in the population have access to the patches. Nutrient availability appeared to differ little among soil treatments when the supplemental nutrients were concentrated in only one-ninth of the area occupied by the population. If it is true that many plants in the population shared the nutrient-enriched patches, then root systems may extend over greater distances than leaf canopies and an individual may interact with more neighbors belowground than aboveground (Casper and Jackson, 1997).
Our neighborhood analysis also indicates that an increase in local plant density, and thus a change in the structure of a plant's neighborhood, is more likely to affect plant size than is a heterogeneous distribution of nutrients, at least at the scales of heterogeneity and density examined here. Plant size in most locations was reduced by doubling plant numbers, while far fewer were affected by heterogeneity. The higher density increased both the number of suppressed individuals and the degree to which they were suppressed, without altering the size of the dominant plants in the population.
Belowground competition is generally regarded as size symmetric, in contrast to asymmetric competition for light (Wilson, 1988; Weiner, 1990 ; Weiner, Wright, and Castro, 1997). However, Schwinning and Weiner (1998) have predicted that a spatially heterogeneous distribution of nutrients is one circumstance in which belowground competition could become asymmetric, the idea being that individuals with larger root systems would be more likely to encounter and exploit a nutrient patch. We found no evidence for this effect in our experiment since maximum plant size did not increase on heterogeneous soils.
While it is clear that the roots of A. theophrasti responded to the spatial distribution of nutrients, mycorrhizal hyphae potentially contribute to functional rooting area and exploitation of nutrient patches in this and other mycorrhizal species (St. John, Coleman, and Reid, 1983; Allen and Allen, 1990). We know that mycorrhizae were present in our study populations, but we have no information regarding their role in helping plants integrate the heterogeneous nutrient environment. Mycorrhizal relationships should be taken into account in future empirical and theoretical studies examining the impact of environ- 1996) . At least one study provides evidence that occupation of nutrient patches may be influenced by a neighboring plant of another species (Caldwell, Manwaring, and Durham, 1996) . Additional studies of belowground neighborhood structure, using a variety of species and experimental approaches, are clearly warranted.
